In recently developed Additive Manufacturing (AM) technologies, high-energy sources have been used to fabricate metallic parts, in a layer by layer fashion, by sintering and/or melting metal powders. In particular, Electron Beam Additive Manufacturing (EBAM) utilizes a high-energy electron beam to melt and fuse metal powders to build solid parts. EBAM is one of a few AM technologies capable of making full-density metallic parts and has dramatically extended their applications. Heat transport is the center of the process physics in EBAM, involving a high-intensity, localized moving heat source and rapid self-cooling, and is critically correlated to the part quality and process efficiency.
INTRODUCTION
In recent years, Additive Manufacturing (AM) using commercially available atomized metallic or alloyed powders with a high-energy beam heat source has been developed to fabricate complex shapes and multifunctional, custom designed components. Various types of mechanical components can be built with such rapid fabrication technologies through computer controlled machines [1] .
Titanium (Ti) and titanium alloys are materials with outstanding mechanical properties such as low density, high strengths, good chemical resistance and excellent biocompatibility. The combination of these properties in a special structure has many potential applications in the area of medical, aerospace, aeronautics and automotive systems. Generally, fabrications of these materials with conventional techniques are difficult due to their high melting point and extreme chemical affinity to atmospheric gas, especially at elevated temperatures [2] .
Electron Beam Additive Manufacturing (EBAM) technology has been developed and commercialized by Arcam AB [3] , in which metallic powders are selectively molten by an electron beam, then rapidly self cooled and solidified; the detail of the process can be found in [1] . The electron beam can provide both high energy density and energy efficiency. In addition, product material properties are comparable or even better than parts made by conventional means. Despite extensive advantages over conventional technologies, EBAM still exhibits several process/part deficiencies [4] . Hence, accurate physical models of both heat transfer and heat source are required to investigate thermal phenomena and determine appropriate process parameters based on process variables such as the molten pool size that is potentially correlated to the occurrence of the deficiencies.
However, the simulation of thermal process in EBAM is still a challenging task because of the complex heat transport and physical mechanisms induced by an interaction among thermal, mechanical, and metallurgical phenomena. As the EBAM modeling has not been well investigated, research work about Electron Beam Welding (EBW) [5] [6] [7] [8] [9] , laser deposition or melting [10, 11] , and laser welding [12, 13] were first reviewed. Due to the resultant keyhole from an incident electron or laser beam in such processes, the heat source is generally modeled as a conical volumetric body heat flux under the top workpiece surface [4-8, 10, 12, 13] . The intensity is Gaussian distribution horizontally and decays linearly with the increase of penetration depth [5, 7, 8, 10, 12, 13] . Lankalapalli et al. [12] derived a closed-form solution of temperature distribution with the assumption of a Two Dimensional (2D) heat conduction and a conical keyhole. Then, the penetration depth was numerically predicted in a 3D problem accurately. The mathematical-physical model presented by Lankalapalli et al. was widely used in EBW [5] [6] [7] [8] , laser deposition [10] and laser welding [13] . The state of the art in this field is the simulation with Level-Set Method, such as Qi and Mazumder [14] , Wen and Shin [15] ; or Volume-of-Fluid Method, such as Choi et al [16] . These two methods can precisely capture the convection in molten pools and even the free boundary problem. However, due to substantially high computational costs and limited commercial code access, Finite Element Analysis (FEA) is still the most efficient way to simulate the EBAM process. To simulate the effect of convection in FEA, Taylor et al. [17] , De and DebRoy [18] increased the thermal conductivity in the molten pool.
Even with similar heat transfer and heat source models, the application of metallic powders distinguishes EBAM from other processes. Figure 1 shows scanning electron micrographs of raw powders used in EBAM, Ti-6Al-4V in this case with powder sizes mainly between 25 and 40 µm. A metal powder layer is formed by a raking mechanism, followed by preheating for powder sintering, prior to each layer deposition. It is well known that thermal properties of metallic powder materials are significantly different from those of the corresponding solid bulk material [19, 20] , especially in thermal conductivity. In addition, sintering takes place in the powder bed in EBAM as it is usually preheated to about 700-800 °C before melting the powders. Thus, the effect of sintering should be considered as well. Sih and Barlow [20] developed a porosity dependent model to predict the emissivity for different material conditions and environments. Various porosity-dependent material thermal conductivity in sintering conditions have been developed in gas surroundings [11, 21, 22] , which is not the same as the vacuum condition in this study. Tolochko et al. [23] investigated the mechanisms of selective laser sintering and heat transfer in Ti powders in vacuum conditions. A model was derived to predict the effective thermal conductivity of Ti powder bed in a vacuum. All of the aforementioned researchers consider that metallic powder materials have the same specific heat and latent heat of fusion as the solid bulk materials. For EBAM, Zah and Lutzmann [4] conducted a thermal analysis of EBAM with FEA, taking account the metallic powder in the powder layer. The effects of electron beam power and scanning speed on the molten pool geometry were studied. However, the molten pool size and the temperature values were not clearly illustrated. The powder properties were not fully discussed.
One of the most important factors to the thermal process in EBAM is the raw material, i.e., powders, and thus, associated thermal properties that crucially impact the thermal responses that govern the process performance and part quality. Thus, an accurate thermal model accounting for the powder properties is desired to better simulate the process and for process improvements. In this research, the effects of porositydependent metallic powder thermal properties in thermal process of EBAM were investigated with an FEA thermal model developed in ABAQUS software. The model was first validated, and then applied to investigate powder porosity as well as the electron beam size effects in EBAM process.
MATHEMATICAL-PHYSICAL MODEL Heat Transfer Model
With the assumption of negligible molten flow during the solidification process, the governing equation of heat transport during the EBAM process is:
where T is temperature,  
, , x y z Q  is the absorbed heat flux, c is specific heat capacity, ρ is density, λ is thermal conductivity, v s is the constant speed of the moving heat source in the x direction. All material properties are temperature dependent which will be introduced in a later section. The latent heat of fusion, L f , was considered in this model to trace the solid/liquid interface of the molten pool. When the temperature drops between the solidus and liquidus temperatures, T S and , T L , respectively, the latent heat of fusion is modeled as an additional term of the internal thermal energy per unit mass, dU. Hence, the enthalpy is defined as
where f is the volumetric liquid fraction, which is defined as
Heat Source Intensity Modeling In the EBAM process, a cavity containing metal-ion plasma is created in the powder layer due to the material evaporation resulting from the high energy density of the electron beam. The molten material ahead is removed under the effect of vapor pressure and surface tension. Then, the electron beam penetrates deeper to form the so-called "keyhole" effect. To simulate the heat input distribution, the electron beam is typically modeled as a conical moving heat source with Gaussian distributed intensity at each depth level.
In this study, the heat source was modeled as Eqn. (4), which is slightly modified from Rouquette et al. [8] . The intensity decreases with the increase of the penetration depth,
with  
where the parameters are: efficiency coefficient η, voltage: U, current: I b , penetration: h, and beam diameter: Φ E . x S and y S are the position of the heat source (electron beam) center. Figure 2 shows an example of the horizontal intensity distribution, with η = 1, U = 60 kV, I b = 2mA, Φ E = 2 mm, and h = 2 mm at z = 0, the top surface. To apply the heat source in the FEA model, a user subroutine of DFLUX was developed in FORTRAN. The subroutine was to be called at the beginning of each iteration. Then, it reads the simulation time to determine the position of the heat source center, so that the domain of the volumetric heat flux can be determined. The magnitude of the heat flux assigned at each nodule is interpolated with Eqn. (4) . Figure 3 is the flow chart of the subroutine. As seen, the subroutine has its first part working as another subroutine UMATHT, to be introduced in a later section, besides the discussed DFLUX.
MATERIAL PROPERTIES Properties of Solid Bulk Materials
The material in this study was Ti-6Al-4V. Temperature dependent material properties were required in this study because a high and wide range of temperatures can be expected. Figure 4 shows the temperature dependent density, thermal conductivity and specific heat [24] below the melting point. The thermal conductivity above the melting point is from Ref. [5] which is almost one time greater than the value below melting point. This increase of the thermal conductivity was applied to simulate the effect of the convection in the molten pool. The other two properties have the same values of those at the melting point. The emissivity of Ti-6Al-4V was estimated from literature; Yang et al. experimentally calibrated the emissivity of Ti-6Al-4V as 0.7 [24] .
Properties of Metallic Powder Layers
As indicated earlier, thermal properties of metallic powders are significantly different from those of the corresponding solid bulk material. Many researchers indicated that the specific heat and latent heat of fusion of powders can be considered the same as those of the solid material [4, 11, [19] [20] [21] [22] [23] . On the other hand, various studies were conducted about the emissivity and thermal conductivity of metallic powders below the melting point. The emissivity and thermal conductivity in this study were modeled as the following [20] . Sih and Barlow [20] developed and validated a porosity dependent emissivity model for a metallic powder bed. The overall emissivity, ε, is expressed as 
 , where ε s is the emissivity of the solid bulk material, ε H is the emissivity of the gap or gravity between adjacent powder particles, A H is the area fraction of the surface that is occupied by the radiation emitting holes, and φ is the fractional porosity of the powder bed.
As EBAM is conducted in vacuum [2] , most thermal conductivity models for metallic powders considered the thermal conduction of the gas filling in the pores. However, these models do not ideally match the condition in this study. Tolochko et al. [23] developed a model of thermal conductivity of Ti powders in a study of selective laser sintering. The model only considered the effective thermal conductivity due to thermal radiation, k r , and effective thermal conductivity due to heat transfer through powder necks. Then it was modeled as
where l is the mean photon free path between the scattering events, σ is the Stefan-Boltzmann constant, T is temperature, x = b/R, which is the ratio of neck radius to particle radius, Λ is the normalized contact conductivity for the three packing structures, varying with the porosity. In the case of powders, l is on the order of pore sizes, about the particle diameter.
Material State Change
Because powder materials will have the properties of the bulk material once the powders are molten, the material state change was embedded in a subroutine, UMATHT. An internal state variable, working as a material index, is defined to specify
& DT/Dt < 0). After the subroutine is called in the beginning of every iteration check, it reads the material index of each node to determine the correct material properties to be assigned. As the state change in EBAM can only be one-way (i.e., from powder to solid), the material index will be locked as 1 whenever it becomes solid.
NUMERICAL MODEL IMPLEMENTATION Model Configuration
A 3D FEA thermal model was developed and implemented in ABAQUS, to study the complex thermal process of EBAM. Figure 5 shows the model configuration and boundary conditions. As a scan path is simulated in this model, the base material is modeled as solid, since it has been deposited. A thin layer on the top of the substrate is considered as the latest added powder layer which has the powder material properties. The electron beam heating occurs at the top surface of a powder layer and traverses along the x-axis with a constant speed. Due to vacuum, convection between the powder layer and environment is ignored. Hence, only the radiation was considered in the heat transfer between the powder/part and surroundings. The solid substrate and powder layer were assigned with a uniform temperature distribution of T preheat as the thermal initial condition. The temperature of solid substrate bottom is confined as a constant temperature of T preheat as the thermal boundary condition. 
Model Validations
Due to lack of EBAM experiment results, the model validation was conducted by simulating LENS ® [25] which has a similar configuration to EBAM. Wang et al. [10] developed an FE model to predict the molten pool size for the LENS ® process. The authors simulated the deposition of the last layer (the 10 th layer) in the LENS experiment with stainless steel 316 powders by Hofmeister et al [25] to validate their model, using the experiment data as initial conditions for previously built layers. Experiment parameters are an absorbed laser power of 100 W, an initial temperature of 600 °C for the substrate and previously deposited layer, a scan speed of 7.62 mm/s, and a laser beam size of 1 mm. Their case was duplicated by the authors of this MSEC paper. Figure 6 shows the comparison of the model validation. Figure 6a is the comparison of temperature fields simulated by the authors and Wang et al. Figure 6b is the comparison of the temperature profile along the beam center path (from the beam center to the scanned end). Generally, the results from this study agree with those from Wang et al.. The differences at the center peak temperature may be due to the absence of phase changes, which was considered by Wang et al. 
RESULTS AND DISCUSSION
Adequate process parameters were determined for EBAM with Ti-6Al-4V [1] , such as the scan speed, the acceleration voltage, the beam current, the layer thickness, and the preheat temperature, etc., all listed in Table 1 . Then, the powder layer porosity was varied from solid to 0.6 in order to investigate the effect of powder porosity on thermal responses, i.e. temperature field, temperature history, as well as the heating/cooling rates. The substrate was treated as solidified materials from previous layer depositions. In addition, various beam diameters were simulated to determine an appropriate beam size. Solid vs. Powder Layer The comparison is first conducted between a solid (φ = 0%) and a powder for the top layer. The 30% porosity of the powder layer was evaluated for this comparison. Figure 8 shows the simulated temperature contours, molten pool geometries, and temperature profile along the center line of the scan path. The molten pool geometry is shown at the right-lower corner of Figure 8a and 8b. The white regions are where the temperatures are below the melting point. In order to capture the molten pool geometry, the lower temperature limit is changed from 760 °C to 1650 °C which is the melting point. The same modification was applied to the figures illustrated in the later part of the paper. Figure 8c illustrates the temperature profile along the center line of the scan path from the beam center to the scanned region. For the powder top layer case, the temperature is to drop approximately to the initially preheated temperature of 760 °C about 2.5 mm away from the beam center, while it is about 2.25 mm away from the beam center for the solid top layer. Plateaus are noted from the simulations for both the solid and powder top layers in considering the latent heat of fusion (with L f ). The red dotted line shows the temperature profile without considering the latent heat of fusion. Significant differences can be observed between the conditions of with and without the latent heat of fusion. This demonstrates the user subroutine of UMATHT works well with the feature of latent heat of fusion. As a result of the confined heat in the scan path, the plateau of the powder top layer is longer than that of the solid top layer. Moreover, the temperatures after the fusion boundary are higher than those of the solid top layer.
Due to the drastic decrease of the thermal conductivity from solid to powder and less packing density, the maximum Table 2 . Meanwhile, a longer melt pool is also seen with the application of the powder top layer. This could be attributed to the occurrence of the material state change after the powder is molten and solidified. The solidified material has the properties of the solid bulk material, i.e. thermal conductivity increases to the level of solid materials. Because of a low thermal conductivity on both sides and ahead of the scan path, the heat resistance is much lower along the opposite direction of the scan path. Therefore, the heat dissipation is more dominant along the backward direction, and thus, more heat is confined in the scan path. As a result, the melt pool is elongated. Porosity Level Effects Figure 9 shows temperature contours and molten pool geometries at various levels of porosity (from 30 to 60%) of the powder layer. Based on Figure 9 and results in Table 2 , a higher maximum temperature occurs at a higher porosity. In addition, the molten pool becomes deeper and shorter with the increase of porosity. However, the width of molten pool is almost constant in all cases. This is probably due to a greater thermal resistance around the scan path, so that the heat is driven backward along the scan path and the depth direction.
Cooling rates in a molten pool will affect grain growths during solidification, crack nucleation and residual stresses. Therefore, heating/cooling rates are also examined in this study. Figure 10 shows the temperature and heating/cooling rate history at the center point of the scan path. Whenever the center point reaches the maximum temperature, the time is counted as zero. The horizontal dashed line in Figure 10b indicates the boundary of heating/cooling. The plateau is obtained again in Figure 10a in all conditions considering the latent heat of fusion. It takes place between around 2 to 3 µs, which is generally just the time duration that the cooling rate drops to a very low value approaching the heating/cooling boundary. Between the solid and powder-layer cases, a solid top layer results in a lower heating-cooling rate due to a rather low thermal resistance around the scan path. More heat can dissipate from the heat source, and hence, there is not much heat stored in the fusion zone so that the heating and cooling rates are much lower than those of the powder-layer case. For the powder layer with different levels of porosity, both the heating and cooling rates are higher with the increase of porosity. As the thermal resistance does not vary significantly with the change of porosity, the differences seem to be smaller than the differences between the solid vs. powder layer. Beam Diameter Effects Figure 11 shows the temperature contours and molten pool geometries of different electron beam diameters (from 0.4 to 1.0 mm). The top layer is powders with a porosity of 30% for all conditions. A lower maximum temperature is obtained with the increase of the beam diameter due to the decrease of energy density. Hence, a lower cooling rate could be obtained with a larger beam size, as smaller temperature gradients exist. However, increasing the beam diameter may result in drastic decrease of the heat penetration, which can be characterized by the depth of molten pool. The molten pool depth is compared, listed in Table 2 , and it is noted that for a large beam diameter (0.7 mm and above), the molten pool depths are smaller than the powder-layer thickness, 100 µm. Such a result is obviously not practical for the EBAM process requirement. Therefore, 0.4 mm electron beam diameter is an optimal condition at the current power lever tested. However, since a much higher building rate and a lower cooling rate are desired, a larger beam size could be adapted if a greater beam power is available. This could be a consideration to optimize the EBAM process in future. Half-solid and Half-powder Substrate Support for overhang structures is one of characteristics different between various additive manufacturing processes; for example, fused deposition modeling will require additional materials for overhang supports, but powder-based processes such as EBAM has the raw material itself (powders) as support for overhang structures. However, as indicated above, powder materials have very different thermal properties and thus responses when subject to thermal input. Hence, though EBAM does not require separate support materials for overhang, the thermal behavior around an overhang structure can be significantly unexpected. As a preliminary evaluation, a model with half-solid, half-powder (divided half way in the x direction in Figure 5 ) substrate was used to simulate the case. The interface is at the y-z plane and intersected with the x-axis at the middle point of the scan path. The top layer is defined as a powder bed with the porosity of 30%. The electron beam traverses from the solid substrate to the powder substrate. Figure 12 illustrates the simulated molten pool geometries with temperature contours when (a) the beam was close to and (b) after the solid/powder (S/P) interface. With the beam approaching to the S/P interface, the molten pool became slightly longer and deeper. However, the geometry (Figure 12a) does not change much, comparing to that when the beam was far away from the interface in the solid substrate half ( Figure  9a ). On the other hand, Figure 12b shows the stable molten pool geometry after passing the interface in the powder substrate. The molten pool is deeper and has an extremely long tail in the powder substrate due to the large heat resistance of the metallic powder bed. The implication is potential overheating and melting around the overhang support area, which may result in dimensional inaccuracy and undesired microstructures. 
CONCLUSIONS
In this research, an FEA model has been developed to investigate the effect of powder-sintering effect on the thermal phenomena of EBAM. In EBAM, pre-heating for powder sintering is required, which results in different levels of porosity that significantly affect thermal properties of metallic powders. A user subroutine was developed to take account of the latent heat of fusion, temperature dependent and porosity dependent thermal properties of solid or powder materials, and the material state change. The model was first validated against literature experimental data of a similar process, and then applied to study the porosity level and beam diameter effects. The major findings can be summarized as follows.
(1) Because of high thermal resistance of powder materials, the temperature in the molten pool for the powder-layer case is much higher compared to a solid layer. A longer, wider and deeper molten pool is expected with the powder top layer applied. Although powder materials are changed to solid after solidification, the heat is generally trapped in the scanned region, which results in the tailing effect shown in temperature contours. Because of greater temperature gradients around the molten pool, the powder layer causes the increased cooling rate drastically, which may degrade the integrity of the product. (2) With the increase of the porosity, temperatures are higher in the molten pool, which increases in the depth direction, but decreases along the beam moving direction. The width of molten pool does not vary with porosity noticeably due to the large thermal resistance on both sides of the scan path. Furthermore, both the heating and cooling rates are higher for lower porosity powders. (3) A larger electron-beam diameter will reduce the maximum temperature in the molten pool and the temperature gradients could be much smaller, giving a lower cooling rate. However, for the tested electron beam power level, the beam size around 0.4 mm could be an adequate choice. Nevertheless, a larger beam size for higher fabrication rates and slower cooling rates may be achieved with a greater electron beam power.
Future work of this research will require temperature measurements for comprehensive model validations. The initial and boundary conditions need to be better defined by experiment results. In the current study, a constant preheat temperature, reported in literature, was assigned to the entire base material, and also considered as a boundary condition at the bottom of the build part. However, it was not explicitly indicated if the time is sufficient for the pre-heat temperature to be uniformly distributed in the base material. In addition, further investigations are required to enhance the modeling of heat transfer in molten pool due to convection. Once validated, the model can be extended for a more systematic analysis of different process parameter effects toward process performance and part quality. Because of high temperatures and large temperature gradients (spatial and temporal) in the process, measurements using a thermal camera will be pursued.
